The oxidation of pyridine-2-aldehyde (2-PyA) by benzimidazolium fluorochromate (BIFC) has been studied in aqueous acetic acid medium. The oxidation leads to the formation of the pyridine-2-carboxylic acid. The reaction is first order with respect to [BIFC], and [H + ] and the reaction is catalyzed by hydrogen ions. The reaction mixture failed to induce the polymerization of added acrylonitrile. The reaction has been studied in different percentage of acetic acid-water mixture. The decrease in dielectric constant of the medium increases the rate of the reaction or low dielectric constant of the medium favours the reactivity. A suitable mechanism has been proposed. chromium salt, a dietary supplement, may be used to study its potential as a modulator of glucose uptake and the activity of insulin. Picolinic acid also has protective and therapeutic effects against tumor through activation and subsequent enhancement of macrophagesmediated cytotoxicitiy and induces production of tumor-related proteins. Intriguingly, picolinic acid stimulates programmed cell death (PCD) in cancer cells and efficiently interrupts the progress of HIV in vitro 2 .
Introduction
Aromatic and aliphatic aldehydes have many applications. Aromatic aldehydes act as a key chemical intermediate for the production of a variety of fine or special chemicals, such as pharmaceuticals, drugs, dyestuffs, pesticides and perfume composition 1 . Oxidation product of pyridine-2-aldehyde is pyridine-2-carboxylic acid (picolinic acid). It acts as a chelating agent of elements such as chromium, zinc, manganese, copper, iron, and molybdenum in the body. It is involved in phenylalanine, tryptophan, and alkaloids production and for the quantitative detection of calcium. This forms a complex with zinc, may facilitate the passage of zinc through the gastrointestinal wall and into the circulatory system. During the past decades, picolinic acid was found to have a number of biological functions. Commercially picolinic acid is used as an intermediate to produce pharmaceuticals (especially local anesthetics) and metal salts for the application of nutritional supplements. Picolinic acid was allowed to stand in the dark for about 48 h to ensure completion of the reaction. The reaction mixture was then evaporated and extracted with ether. The ether layer was washed with water many times. The ether layer was then kept on a water bath for the evaporation of ether and cooled in ice bath to obtain the product (m.p. 138 -141 o C; Lit. m.p. 139 -142 o C). The product was dissolved in benzene and a careful TLC analysis was done with picolinic acid (pyridine-2-carboxylic acid) as reference. Only one spot corresponding to picolinic acid was obtained. Formation of picolinic acid was further confirmed by mixing the product with pure picolinic acid and noting that there was no change in the melting point.
FT-IR spectra were obtained as KBr discs on Shimadzu spectrometer. 1 H NMR (500 MHz) and 13 
Stoichiometric studies
The stoichiometric studies for the oxidation of 2-PyA by BIFC were carried out with oxidant in excess. The solvent composition 50% acetic acid -50% water (v/v) and [H + ] were maintained as in the corresponding rate measurements. The temperature was maintained at 313 K. Pyridine-2-aldehyde and BIFC were mixed in the ratio 1:4, 1:5, 1:6 and were allowed to react for 48 h at 313 K. The concentration of unreacted BIFC was determined. ∆[BIFC] was calculated. The stoichiometry was calculated from the ratio between [ 
Results and Discussion
The oxidation of pyridine-2-aldehyde by BIFC has been conducted in 50% acetic acid and 50% water medium at 303 K, under pseudo first order conditions and the result obtained were discussed in the following paragraphs.
Effect of varying BIFC concentration
The concentration of BIFC was varied in the range of 0.5x10 -3 to 2.5x10 -3 mol dm -1 at constant , [H + ] at 303 K and the rates were measured ( Table 1 ). The near constancy in the value of k obs irrespective of the concentration confirms the first order dependence on BIFC.
Effect of varying heterocyclic aldehyde concentration
The concentration of 2-PyA was varied in the range of 1.0x10 -2 to 3.0x10 -2 mol dm -1 at 303 K and keeping all other reactant concentrations as constant and the rates were measured ( Table 1 ). The rate of oxidation increased progressively on increasing the concentration of 2-PyA. The plot of log k obs versus log [2-PyA] gave the slope of 1.03 for 2-PyA ( Figure 1 ). Under pseudo first-order conditions, the plot of of k obs versus [2-PyA] is linear passing through origin ( Figure 2 ). These results confirm the first-order nature of the reaction with respect to .
Effect of varying perchloric acid concentration
Perchloric acid has been used as a source of H + in reaction medium. The concentration of H + was varied in the range 0.16 to 0.48 mol dm -1 keeping all other reactant concentration as constant at 303 K and the rates were measured ( Table 1 ). The acid catalysed nature of this oxidation is confirmed by an increase in the rate on the addition of H + . The plot of log k obs versus log [H + ] is a straight line with the slope of 1.03 for 2-PyA. Therefore, order with respect to H + is one for 2-PyA. BIFC may become protonated in the presence of acid and the protonated BIFC may function as an effective oxidant. 
Effect of acidity
The reaction is catalyzed by hydrogen ions ( Table 1) . The acid-catalysis may well be attributed to a protonation of BIFC to give a stronger oxidant and electrophile.
The formation of a protonated Cr(VI) species has earlier been postulated in the reactions of structurally similar PCC 31 and PFC 32 .
Induced polymerization of acrylonitrile
The possibility of radical formation and its involvement in the reaction has been ruled out as the addition of acrylonitrile in the reaction mixture developed no turbidity and hence the reaction rates was not affected even the [acrylonitrile] was at 1.0×10 -3 to 5.0×10 -3 mol dm -3 (Table 2) . Thus, a one electron oxidation giving rise to free radicals is unlikely.
Effect of varying ionic strength of reaction rate
The effect of ionic strength was studied by varying the NaClO 4 concentration in the reaction medium. The ionic strength of the reaction medium was varied from 1.0×10 -3 to 5.0×10 -3 mol dm -3 and keeping all other reactant concentration as constant. It was found that the values of the rate constants at different ionic strength of the reaction medium has no significant effect on the reaction rate ( Table 2) .
Effect of solvent polarity on reaction rate
The oxidation of 2-PyA has been studied in the binary mixture of acetic acid and water as the solvent medium. For the oxidation of 2-PyA, the reaction rate increased remarkably with the increase in the proportion of acetic acid in the solvent medium. These results are presented in Table 3 .
The effect from solvent composition on the reaction rate was studied by varying the concentration of acetic acid from 30% to 70%. The pseudo-first-order rate constants were estimated for the oxidation of 2-PyA, with BIFC in the presence of perchloric acid at a constant Chem Sci Trans., 2015, 4(2), 523-533 ionic strength. The reaction rate is increases markedly with the increase in the proportion of acetic acid in the medium (Table 3) . When the acid content increases in the medium, the acidity of the medium is increased whereas the dielectric constant of the medium is decreased. These two effects cause the rate of the oxidation to increase markedly. The enhancement of the reaction rate with an increase in the amount of acetic acid generally may be attributed to two factors, viz, (i) the increase in acidity occurring at constant [H + ], and (ii) the decrease in the dielectric constant with an increase in the acetic acid content. The plot of log k 1 versus 1/D (dielectric constant) is linear with positive slope suggesting the presence of either dipole-dipole or ion-dipole type of interaction between the oxidant and the substrate 33, 34 (Figure 3 ). Plot of log k 1 versus (D -1) / (2D+ 1) is a curvature indicating the absence of dipole -dipole interaction in the rate determining step. Amis (1967) 35 holds the view that in an ion-dipole reaction involving a positive ionic reactant, the rate would decrease with increasing dielectric constant of the medium and if the reactant were to be a negatively charged ion, the rate would increase with the increasing dielectric constant. In this case there is a possibility of a positive ionic reactant, as the rate decreases with the increasing dielectric constant of the medium 35 . Due to the polar nature of the solvent, transition state is stabilized, i.e., the polar solvent molecules surround the transition state and result in less disproportion. 
Thermodynamic parameters
The kinetics of oxidation of 2-PyA was studied at four different temperatures viz., 298, 303, 308 and 313 K. The second order rate constants were calculated ( Table 4 ). The Arrhenius plot of log k 2 versus 1/T is found to be linear. The enthalpy of activation, entropy of activation and free energy of activation were calculated from k 2 at 298, 303, 308 and 313 K using the Eyring relationship by the method of least square and presented in Table 4 . The entropy of activation is negative for 2-PyA. 
Isokinetic relationship
The reaction is neither isoenthalpic nor isoentropic but complies with the compensation law also known as the isokinetic relationship.
The isokinetic temperature β is the temperature at which all the compounds of the series react equally fast. Also, at the isokinetic temperature, the variation of substituent has no influence on the free energy of activation. Exner suggested a method of testing the validity of isokinetic relationship 36 . The isokinetic relationship is tested by plotting the logarithms of rate constants at two different temperatures (T 2 > T 1 ) against each other according to Eq (4).
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Chem Sci Trans., 2015, 4(2), 523-533 log k (at T 2 ) = a + b log k (at T 1 ) (4) The linear relationship in Exner plots at 2 + log k 2 (313 K) and 2 + log k 2 (303 K) observed in the present study imply the validity of the isokinetic relationship 37, 38 . Isokinetic temperature obtained is 705 K. The linear isokinetic correlation implies that pyridine-2aldehyde is oxidized by the same mechanism in all the solvent compositions and the changes in the rate are governed by the changes in both the enthalpy and entropy of activation 39 . 
Mechanism of oxidation
A mechanism leading to the formation of the free radicals is unlikely in view of the failure to induce polymerization of acrylonitrile and no effect of the radical scavenger on the reaction rate. Positive slope of log k 1 versus 1/D plot indicates that the reaction involves a cation-dipole type of interaction in the rate determining step. The linear isokinetic correlation implies that 2-PyA is oxidized by the same mechanism in all solvent compositions. It has been shown that aldehyde oxidation reactions proceeded 40−43 via the hydrated form. Hence, a mechanism involving a direct hydrogen-transfer reaction between a free aldehyde and BIFC was very unlikely.
The close resemblance in the structures of aldehyde hydrates and alcohols would favor similar pathways in their oxidation processes. The oxidation of alcohols had demonstrated the rate-determining decomposition of the protonated acid chromate ester 44 . In an analogous manner, the oxidation of aldehydes could be visualized as proceeding via the formation of a similar intermediate (an ester of the aldehyde hydrate). If the chromium was coordinated through the -OH group (of the aldehyde hydrate) in the cyclic transition state 45, 46 this would facilitate the formation of the chromate ester and enhance the ease of its oxidation to the corresponding carboxylic acid. Such a transition state envisaged the transfer of electrons towards the chromium, occurring by the formation of the carbon-hydrogen-oxygen bonds, as well as by the carbon-oxygen-chromium bonds.
The slow step of the reaction involved the participation of the aldehyde hydrate, protonated BIFC and two electrons in a cyclic system. Removal of the hydrogen (on the carbon) was part of this step. The sequence of reactions for the oxidation of 2-PyA by BIFCH + , in acid medium (Scheme 1) showed that BIFC was converted to the protonated BIFC i.e., BIFCH + . The substrate (A) was converted to the hydrated form (Hy), which reacted with BIFCH + , giving the monochromate ester intermediate (E). The monochromate ester (E) underwent decomposition, in the rate determining step, to give the product picolinic acid, along with the Cr (IV) species. 
Conclusion
The kinetics of oxidation of 2-PyA has been investigated in aqueous acetic acid medium in the presence of perchloric acid by spectrophotometrically at 303 K. The oxidation of 2-PyA by BIFC is first order each with respect to the [2-PyA], [BIFC] and [H + ]. The oxidation is
